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MONO-X
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g

g

g

Dark Matter 
(invisible)

Look for 1 jet (quark or gluon) 
+ missing energy.  

Model agnostic search for 
many dark matter models. 

arXiv:1008.1783. 
arXiv:1109.4398.
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MONO-X
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Can take all searches and use them to constrain specific models. 
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COMPARE TO DIRECT DETECTION
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How does this compare to 
dark matter direct detections 
(lectures by Diamond, Hong, 
Wenz)? 

Very different energy regime! 

Collider better at low energy, 
DD wins at high energy.
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COMPARE TO DIRECT DETECTION
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Very model dependant! 

Two methods are 
complementary.
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PROFESSOR DARK MATTER



DANIEL STOLARSKI     July 16-18, 2024      TRISEP

THOUGHT EXPERIMENT
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h/t Neal Weiner

They ask, where is the missing 
5%? 

Most theorists will posit a 
single “dark matter” particle.
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THOUGHT EXPERIMENT
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h/t Neal Weiner

Physicists

Invisible They ask, where is the missing 
5%? 

Most theorists will posit a 
single “dark matter” particle.
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THOUGHT EXPERIMENT
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h/t Neal Weiner
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THOUGHT EXPERIMENT
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h/t Neal Weiner

Dark matter could be part of a 
complicated sector with 
interesting dynamics! (see 
lectures by Shandera) 
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ASYMMETRIC DARK MATTER
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⌦DM ' 5⌦B
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⌦DM ' 5⌦B

⌦B = mpnB⌦DM = mDMnDM
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ASYMMETRIC DARK MATTER

12

⌦DM ' 5⌦B

⌦B = mpnB

Unknown dynamics  
of baryogenesis

⌦DM = mDMnDM
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Can get                      , usually have to assume                         .nDM ⇠ nB mDM ⇠ mB
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ASYMMETRIC DARK MATTER

12

⌦DM ' 5⌦B

⌦B = mpnB

Unknown dynamics  
of baryogenesis

⌦DM = mDMnDM

?

Can get                      , usually have to assume                         .nDM ⇠ nB mDM ⇠ mB

Can we get both?
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GETTING THE MASS
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GETTING THE MASS

13

⌦DM ' 5⌦B

⌦B = mpnB

Controlled by complicated 
(known) QCD dynamics

Unknown dynamics  
of baryogenesis

⌦DM = mDMnDM

QCD like

?

?
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DARK QCD
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Bai, Schwaller,  1306.4676.

⇤dQCD

⇤dQCD

Propose new SU(Nd) “dark QCD,” dark quarks. 

Dark matter is dark sector baryons with mass 
~                 . 

Massive bifundamental fields decouple at 
mass M >>                 . 

Search for model with perturbative fixed 
point.

Fixed,Points,

•  Zero,of,beta,func?on,,,,,,,,,,,,,,,,,,,,,,,,,,,for,,

•  Infrared,FP:,

•  Oren:,
– FP,free,or,
– FP,nonmperturba?ve,,

dg

dt
= �(g) = 0 g = g⇤

g

�(g)

g⇤
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ASYMMETRY SHARING

15

Can co-generate DM and baryon asymmetry.

Asymmetries for baryons and dark matter are (roughly) equal. 

Q̄ X di
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ASYMMETRY SHARING

15

Can co-generate DM and baryon asymmetry.

dark quark

SM quark

bifundamental scalar

Asymmetries for baryons and dark matter are (roughly) equal. 

Q̄ X di
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GENERAL PICTURE
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GeV

TeV

asymmetry
sharing

annihilation

Xd

QCD Dark QCD

⇡ , K , . . .

p , n
decay

pd, nd, . . .

⇡d, �d, . . .

Figure 2: Graphical representation of
the dark QCD model. Baryon and
dark matter asymmetries are shared
via a mediator Xd resulting in an
asymmetry in the stable dark baryons
pd, nd. The symmetric relic density
is annihilated e�ciently into dark pi-
ons, which eventually decay into SM
particles. The DM number density is
naturally of the same order as that of
baryons, so the correct DM relic den-
sity is obtained when the dark baryon
masses are in the 10 GeV range.

Field SU(3) ⇥ SU(2) ⇥ U(1) SU(3)dark Mass Spin

Qd (1, 1, 0) (3) md O(GeV) Dirac Fermion
Xd (3, 1,

1
3) (3) MXd O(TeV) Complex Scalar

Zd (1, 1, 0) (1) MZd O(TeV) Vector Boson

Table 1: Particle content relevant for phenomenology. We use the Zd as a toy model and leave
detailed study to future work.

model for studying dark sector properties, but we leave detailed studies of its phenomenology at

the LHC to future work. The full particle content is summarized in Tab. 1.

For the scalar mediator with the hypercharge assignment in Tab. 1, the only allowed Yukawa

type coupling is of the form [12]

L = ijQ̄diqjXd + h.c. (2)

where qj are the right-handed down-type SM quarks and  is a nf ⇥3 matrix of Yukawa couplings.

Such couplings could in general lead to large flavor violating processes, but can be brought into

agreement with experimental bounds if dark flavor originates from the same dynamics as the SM

flavor structure or certainly if flavor symmetries are imposed on the dark sector [43–45]. For

definiteness, the fundamental Lagrangian which defines the model at high scales is given by

L � Q̄di(D/ � mdi)Qdi + (DµXd)(D
µ
Xd)

†
� M

2
Xd

XdX
†
d �

1

4
G

µ⌫
d Gµ⌫,d + L + LSM , (3)

where G
µ⌫
d is the dark gluon field strength tensor, and the covariant derivatives contain the

couplings to the gauge fields.

For the vector mediator, we assume that it couples vectorially to SM and dark quarks with

couplings gq and gd. While here we assume that Zd originates from a U(1) symmetry broken at

the TeV scale, it could in principle also originate from a non-abelian horizontal symmetry as in

Ref. [31], where the Sphaleron associated with this gauge interaction is used to connect the dark

matter with the baryon asymmetry.

5
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pp ! QQ
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PION DECAY
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Operator used to generate asymmetry mediates decay:

�

q

q Qd

Qd

Q̄ X di
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q
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Integrate out X.
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PION DECAY

18

Operator used to generate asymmetry mediates decay:

q

q

⇡dIntegrate out X.
Dark pion 
decays to 
quarks 

Q̄ X di
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DECAY LENGTH

19

q

q

⇡d

Can use (dark) chiral Lagrangian to estimate:

�(⇡d ! d̄d) ⇡
f2
⇡d
m2

d

32⇡M4
Xd

m⇡d

1

M2
X

Q�µQ d̄R�
µdR

c⌧0 ⇡ 10 cm⇥
✓
2 GeV

f⇡d

◆2 ✓100 MeV

mdown

◆2 ✓2 GeV

m⇡d

◆✓
MXd

1 TeV

◆4

.
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pp ! QQ

3m

1m
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James Beacham (Ohio State) ATLAS Dark Sector Workshop — Cosenza, Italy — 10 Feb. 2016 9

Emerging Jets at 13 TeV

James Beacham,  
ATLAS Dark Sector 
Workshop, Cosenza, Italy, 
Feb 10, 2016. 
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PRODUCTION
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pp ! ��† ! q̄ Qd Qd q

Collider Signature
• Pair production of heavy bi-fundamental fields:  

• Decay to quark - dark quark pairs 

‣ two QCD-jets 

‣ two “Emerging Jets”:  
dark quarks shower and hadronize in dark sector  
decay back to SM jets with displaced vertices

16

�q

q̄ �⇤

Also “Hidden Valley” signature
Strassler, Zurek, 2007; …
related: SIMP dark matter
Bai, Rajaraman, 2011

Final state is  

• 2 QCD jets 

• 2 emerging jets

Cross section is calculable
�(M� = 1TeV) ⇡ 10 fb

@ LHC14

Schwaller, DS, Weiler, arXiv:1502.0409.
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DEDICATED CMS SEARCHES 
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LIMIT
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Model A, 14 TeV, 3000 fb-1
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Figure 10: Region of lifetime and mediator mass parameter space probed with 100 fb�1 (top
row) and 3000 fb�1 (bottom row) at the 14 TeV LHC. For each model we show 2� (dashed)
and 5� contours (solid) in the MX � c⌧0 plane, assuming a systematic uncertainty of 100% on
the background. The di↵erent colors correspond to requiring E(1 GeV, 0, 3 mm) � 2 (blue) and
E(1 GeV, 0, 100 mm) � 2 (red).
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Our projection:
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QCD RESONANCES
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PDG
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